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Background of the fHvPwrinn 



Type 1 diabetes is a polygemc, chronic metabolic disease charactenV*.H hv ti,. 
ablation of insulin-producing B cells bv autoimmnnVr ^ *® progressive 

afflicted by this disLe Reluto S ulin^n^'Z^^r^^^ There are nearly 1 million people 
levels at all times annonTiuiTJpSe^^^^ S'"<^°«- "ear nonSal 

and islet transplantations ^iSstemreS^M^^ L^^^ 

long-tenn complications, availability of Se SsS^fev^^ sijuficantly reduce 

other hand, pose a potentially serious threat of ^nnc1/?Z / ^^^otransplants, on the 

with attend^t regulatory SeS^ an^S Lys Xs A^^^ ^""f *° '^~> 

islet replacement thempy for T,^ TdiS ^Sn^^^w an urgency to develop a p cell / 
functional human islets on demL ^ISSto^ ^ ''"'^^ ""PP^^ """^^^ °f 

•pancreatic duct-derived p3Lg st^^rnj?^^^ °f ^^^'^ 

implantation (see WO 95/29988) Se S^^^hl?^ ,2 ^P^^^^^^^^ Ibnctional islets for 

• differentiation^f mammalTrHSC^^^^^ v4 P^fi^H h^?""*'"" *f 

clinical setting and commcrciallv availawV?«r J u H^Cs are routinely used in the 

can be purififd fiomTe Semf Wo^^^^^^^^^ Additionally. HSCs and MSCs 

commercially available wrSrLv^tt.«n. r T^^?^ ^^^^ °^ '"'"^^ual using 
and MSCs into pancr^uTpaS^ai ZlTLf of differentiating hmnan HSCs 

and in the reaLtion of'^a^I^^^^^^^^ 1 diabetes, 

implantation that will obviate evenTh. ^^L ? • ^ producing cells/islets for 

materials for the prrtLloroLTaJ^^^ '^'^^ (if encapsulating 

invention, we ha^riTSiara^^z^^ attack become available), m the subject 

developmental gene invo^eri^leT^^^^^ 0^;"^ f "^"^ ^^'^ ^ ^^s ^or 

various factors vitro^d l^ dllr^ZT^^^r^^ following treatments with 

terms of glucose stimStedLu^^^^^ ^^P^^"^*^ of differentiated ceUs in 

d'S^itio^t^^ltS^^^^^^^ resulti^g t^on, the progressive 

costs nearly $100 billion each vear^nd J^limcal management of diabetes 

in the USA CurreX7erL oSv^lw .if^^^^^^^^^ *^ ^^'^^^ °f 

diabetes, that inlVe adSLS^^^^^^ 

transplantations (available ZTfoH L^n cT^/^^^ P^'^'^^ '^^^ cell 

impossible to control blL X^^^ Unfortmiately, it is 

failure results in ^Lu^A^rZ^L^ u^"^ ^^""^^^^^ '^^^^ ^^"^^ injections. This 
complications sich aTdStSkSSdZJ r eventually leads to both acute metabolic 
and long-term com^cS ^'L ^^^^^^^^^^ non-ketotic coma and hypoglycemia, 

disease, and foot ulcere Kfaw!^!^ ? retinopathy neuropathy, nephropathy, impotence, heart 
insulin tr^to^t ov^ a W nSoS o^l ""T^ °f ^"""^'^ ^^^"^ ^t^^^ive 
primary and se^ridl^prevenliSro^^^^^^^^^ '''' ^ ^ P'°^'^^ '"^P^^^^ve 

Control and CompSo^S ffi?C^^^^^^^ the Diabetes 

V, uipucanpns inal (DCC.T) (1). Despite its beneficial effects, intensive insulin 



tixerapy mvolves drastic changes in patient's lifestyle, increased episodes of hypoglycemia. 
Hence, it is difficult to motivate patients to undertake these changes. Pancreas and islet 
transplantations are the only current treatment of Type 1 diabetes that consistently establish an 
extraneous msuhn-independent nonnaglycemic state, reduce^ long-tenn complications and 
improve neural and vascular functions (2-8). However, the requirement of immunosuppr^sive 
diiigs following transplantation can lead to nephrotoxicity, secondary infections, and possibly 
alteration of glucose homeostasis and cell function (9). Unlike whole pancreas transplantation 
islet cell implantation is a simpler surgical procedure, and the most recent islet implantaHon 
""^^^^ complete insulin independence in the recipients (8). However the 
availabihty of human pancreata is severely limited, resulting in approximately 3,000 p^ple 
dying each year while waiting for a graft (10). Despite xenogeneic porcine islets have become an 
interestmg source of islets, they pose more serious threat of xenosis (introduction of animal 
pafeogens into humans) (11). Thus, there is an urgent need for the development of 
methodologies to create a reliable and safer source of islets, preferably generated in vitro in large 
numbers to the meet the demand for transplantation. The following narrative on pancreL 
P'^^yi^®^ status of research on the pancreatic stem cells, and indicates how 

HSCs/MSCs could augment the chances of success in attempts to cure Type 1 diabetes. 

Development of end ocrine pancreas and Pancreatic stem cells- 

Pancreatic islets of Langerhans possess a remarkable architecture and cellular organization ideal 
for rapid, yet finely controUed, responses to changes in blood glucose levels. Briefly the 
mammahan pancreas cpntrols nutrient resorption and glucose metabolism through its i^ajor 
components, the ductal cells, acinar cells and endocrine ceUs. Despite all three components of 
&e pancreas differ in fimctionaUty, they are all of the same origin, the primitive gut endoderm 
Dunng early gestation (28 days in humans) evaginadons of the embryonal foregut form the 
ventral and dorsal buds of the pancreas. The two buds arise opposite to each other while the gut 
IS still surrounded by primitive mesenchyme. After rotation of the stomach and duodenum, the 
ventral anlage moves around and fuses with the dorsal bud. The ventral bud forms the posterior 
part of the pmcreatac head including the ulcinate process, while the dorsal bud forms the 
remainder of tfie organ. In the enlarging epithelial buds, a treelike ductal system develops which 
eventual^ gives rise to endocrine and acinar cells (12). It is beUeved that the 

n ^fiT®^^*' "^^""^ '■^"^^ also share the features of ductal 

ceils (13). These and more recent observations suggest that the pancreatic duct cells harbor the 
stem ceUs, which under appropriate stimuli, can give rise to acinar and endocrine cells (14 15) 
The pancreatic ductal progenitor stem cells have been shown to express tyrosine hydroxylase 
(16), glucose fransporter (GLUT-2) (17), cytokeratins (18). PDX-l (19), high-afiSnity never 
growth factor TrkA (20), Isl-1 (21), and ngn-3 (22). In the human fetal pancreas, proliferation is 
mainly found m the ductal cell compartment, foUowed in frequency by endocrine cells, which 
are synaptophysm positive but hormone negative, and finally, insulin/glucagon positive cells. In 
addition. It was noted that all epithelial cells, including endocrine cells, express cytokeratin 19 
from 12-16 gestation weeks. This cytokeratin, latter, disappears from the endocrine cells (23). 

Finally, in the adults, islet cells have been shown to repUcate and respond to stimuU known to 
uutiate neonatal islet cell growth, e.g., glucose, growth hormone, several peptide growth factors 
and especially, hepatocyte growth factor (24,25). These observations suggest that normal p cell 
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growth in the adult can accommodate fimctioiial demand. Furthra:, conditions such as obesity and 
pregnancy result in reversible increase in p cell mass (26-29). Interestingly, there are evidence 
for a slow turnover of adult cells tbrough stem cell differentiation as demonstrated by a number 
of experimental models: cellophane wrapping and partial duct obstruction (30), alloxan 
treatment (31), streptozotocin treatment (32), partial pancreatectomy (33), steroid injection (34), 
insulin antibody injection (35), copper deficiency condition (36), transgenic interferon- nodel 
(37), soybean trypsin inhibitors treatment (38), and specific growth factors treatment (39). 
Furthermore, in normal conditions, nearly 15% of all P cells that are smaller in size compared to 
mature islet p cells were located in or along ductules in human adult pancreata in 
immunohistochemical analysis indicating the presence of numerous sites with a potential for B 
cell neogenesis (40). 

One source of implantable pancreatic tissue is adult pancreatic duct-derived IPSCs which 
differentiate into functional islets (WO 95/29988). Another source is cadaveric pancreatic tissue 
samples, which however, are very limited since most of the tissues' are used for islet 
transplantation purposes in the clinics. Another viable source of implantable pancreatic tissue is 
the transdifferentiated HSCs and MSCs; such stem cells are easily accessible in every mdividuaL 

Hematopoietic and Mesenchymal stem cells: 

The mammalian hematopoietic system produces at least eight distinct hneages of mature blood 
cells in a continuous manner throughout aduft life. These lineages include red blood cells, 
monocytic, granulocytic, basophilic, myeloid cells, the T and B cells and platelets. In this sense, 
hematopoiesis may resemble other developmental systems such as small intestine, epidermis, 
hair follicle of the skin, and male germ cells. Other tissue types such as the liver, central nervous 
system, muscles seem to replenish more slowly, or in response to injury (41). Complex 
quantitative analyses of HSCs, in some cases, demonstrated that a single transplantable stan cell 
is both necessary and sufficient to transfer an intact, normal hematopoietic system to a recipient 
host (42). Although less extensive, other studies have identified candidate stem cells firom a 
number of other tissues (43-47, 14,15). The proliferation andjdevelopment of HSCs in vivo is 
promoted by contact with bone marrow stromal cells and the surrounding extracellular matrix. 
Whilst there is some ability of soluble cytokines or growth factors to promote survival and 
proliferation of stem cells and their progeny in the absence of stromal cell matrix, the primitive 
HSCs can only be maintained, in the long term, when co-cultured with the appropriate sti-omal 
cell environment (48). The characterization of CD34 antigen on HSCs, expressed only by 0.5-5% 
of human bone marrow cells, has enabled the purification of HSCs in commercial quantities. 
CD34 is not expressed on more mature counterparts (49). Using tiie long term bone marrow 
culture system, it has been estabUshed that CD34* HSCs can survive in vitro and differentiate 
when allowed to grow in contact with bone marrow derived sti-omal cells, which produce a 
plethora of factors includmg M-CSF, GM-CSF, G-CSF, IL-1, IL-6, IL-^, TGF-p, LIF, SCF (50). 

Both HSCs and MSCs have been suggested to share common bone marrow precursors that 
express CD34 antigen. Accordingly, CD50- CD34+ cells give rise to MSCs, while CD50+ 
CD34+ cells give rise to HSCs. Also, circulating cells contamed fibroblast-like MSCs (also 
called fibrocytes) along with HSCs. The MSCs can differentiate into osteocytes, adipocytes and 
chondrocytes in vitro when appropriate growth factors are provided (56). 
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Plasticity of stem cells: ■ 

Recent progress in stem cell biology questions the traditional view that ceU's fate is sealed when 
it becomes part of endoderm, mesoderm, or ectoderm, the primary geim layers of the embryo. 
More specifically, the assumption that the undifferentiated stem cell state, as defined by the 
ability of stem cell to produce mature cell populations, is limited to the range of cell types 
characteristic of each individual tissue (by implication, any given somatic stem cell is physically 
resident withm its appropriate tissue) has been called into question (51). For instance, after 
transplantation into irradiated hosts, genetically labeled neural stem cells were found to produce 
a variety of blood cell types including myeloid and lymphoid cells as well as early hematopoietic 
cells (52). The muscle tissue has been shown to contain a population of stem cells with several 
characteristics of bone marrow-derived HSCs, including high efflux of the fluorescent dye 
Hoechst 33342 and expression of the stem cell antigens Sca-1 and c-Kit but not CD45. These 
stem cells have been suggested to be identical to muscle satellite ceUs, some of which lack 
myogenic regulators and capable of responding to hematopoietic signals (53). A similar 
observation has been made by another group who also demonstrated the muscle differentiation 
potential of a subset of bone marrow-derived stem cells (54). A possibility of HSCs mobihzing 
dunng hver failure to increase the regenerative capacity of the liver, though to a Ibsser extent, 
has also been documented (55). These observations suggest that the functional plasticity of 
somatic tissue derived stem cells may be greater than expected. Recently, bone marrow derived 
stem cells have been shown to populate and differentiate into neural cells (56 & 57). Bone 
marrow derived MSG has also been demonstrated to express germinal, endodennal and 
ectodermal genes besides mesodermal genes, suggesting an apparent "multidifferentiated" state. 
Within a short duration of 5 hrs, a relatively simple defined media could elicit neuronal 
differentiation of -80% of cells (58). Grafting into ischemic brain of rats of human MSCs could 
ameliorate neurological deficiency by up-regulating host brain plasticity rather than through 
replacement of neuronal integration into the cucuitry of the brain (59). Further, bone marrow 
cells that co-purify with MSCs could give rise to cells of endodermal anil ectodermal phenotypes 
(60). While reports on the plasticity of stem cells continue to appear, skepticism has been 
growing on transdififerentiation / dedifferentiation. Most importantly, stem cell fiision resulting 
in the phenotype of recipient cells has been observed in vitro suggesting it as a potential 
phenomenon responsible for assumed transdififerentiation in vivo (61 & 62). However, under in 
vitro conditions described in the present work where bone marrow MSCs are differentiated into 
pancreatic islet clusteirs in the absence of any adult mature cell types rule out fusion as a 
mechanism of observed transdififerentiation. 

Significantly, there has heea no evidence m the literatute to date that MSCs can differentiate into 
endoderm derived pancreatic islets. The subject invention demonstrates that bone marrow 
derived MSCs can differentiate into islet-like clusters that are capable of secreting insuUn in 
response to glucose. 

Working hvpothesis of the invention: 

Based on the current knowledge of the plasticity of stem ceUs, we hypothesize that the 
microenvironment of the bone marrow maintains the CD34* HSCs and MSCs in their native 
pluripotent state and also helps them to commit to distinct hematopoietic lineages (in the case of 
CD34 stem cells) or adipo, osteo and chondrocytic lineages (in the case of mesenchymal stem 



4 



cells [63]) (Figure !)• However, when these bone marrow derived stem cells are removed from 
their native bone marrow environment and placed in vitro in the culture plates with defined 
media, they may commit to non-hematopoietic lineages due to absence of native 
microenvironment Recently, using embryonic stem cells, such commitment towards multiple 
lineages has been documented (64). 




Figure 1 The microenvironment which maintains HSCs and MSCs in 
their native plurlpotent state. Also shown is the list of factors 
available in that environment that commit these cells into 
dijstinct lineaees and the nhenotvne of these stem cells. 



The subject invention demonstrates that upon culturing bone marrow derived stem cells in vitro 
with selected factors, these cells may differentiate into insulin expressing cells or cells 
expressing transcription factors involved in insulin expression (Figure 2) requiring further 
maturation. 
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IfemtopoietiG Specific 
Transciqitioii Factors 

Tal-l, AMU, CBFb, GATA-l, 
GATA-2, GATA.3,PiJ-l,NF-E2, 
PAX-5, SGX-4, EBF, EICLF, KAROS, 
Egr-l 



Fancreatic Specific 
Ti^anscrqition Factors 
NGN3* ISM* PDX-1, PAX4,PAX6, 
NKX6.1.NKX2.2 



"ShsRdliy mnmiul ^stcm daring 
demlopiBent 



Figure 2 A select list of transcription factors expressed by hematopoietic 
and pancreatic stem cells during development 



Summary of the Invention 

Type 1 diabetes is suffered by ~1 million people in the USA, and the clinical management of 
diabetes CTypel & 2) costs over $100 bilUon a year. Regular insulin injections do not raaintam 
blood glucose near normal levels at all times and consequentty patients develop secondary 
complications. While pancreatic and islet transplantations consistently estabUsh euglycemic state 
Mid significantly reduce long-term complications, availability of the grafts is severely limited 
Xenotransplants, on the other hand, pose a potential threat of xenosis (transfer of animal 
mfections to hunums) with attendant regulatory problems and delays. Thus, there is an urgency 
to develop a p cell / islet replacement therapy for Type 1 diabetic patients that would supply 
sufficient number of fimctional human islets on demand. 

Mammalian HSCs and MSCs are produced in large quantities throughout life, and are easily 
obtamable m large quantities. The HSCs could be obtained fiom peripheral blood or bone 
maiTOw samples of an individual. Cun-ently, these HSCs are used in the clinical setting and 
commercial quantities of purified HSCs and MSCs are available for research purposes. Thus the 
transdifferentiation of HSCs and MSCs into pancreatic pathway can be of immense importance 
in cunng Type 1 diabetes. The subject invention demonstrates the transdifferentiation of MSCs 
into glucose-responsive insulin secreting islet-like clusters. Further, bone mairow MSC derived 
^let clusters can be characterized, differentiation procedures have been and can continue tol be 
fine-tuned, and in vivo functionality can be estabhshed in the mouse model. 

The subject invention provides a new hope for an insulin-free life for every single diabetic (both 
msuhn-dependent Type 1 and Type 2 patients) and it will require only their peripheral blood or 
bone marrow samples to achieve it. There wiU not be any need for immunosuppressive drugs 
when appropriate encapsulation material is used for protection of insulin producing cells from 
autoimmune attack m Type 1 diabetics. The commercial value of this approach is immense both 
m temis of transplantable products and services that could be delivered to clinics. Further, HSCs 
and MSCs, at different stages of differentiation, could be used for drug discovery research. 
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The subject invention provides a method for transdifferentiation of mammalian non n«nrr.,ri. 
stem ceUs to the pancreatic differentiation pathway such that th^ 7^ f "°"-P^'^««t^«^ 

promote cell clustenng; and/or a medium that comprises an added factor that i.. »t uLef I 
glucagon-likepeptide-l (GIJ>-1). hepatocyte growth'factor (HG^)^L^^^^^ 

m pa^i^atic markers that can be expressed in the transfected cells include any of Pdx- J Isl-J 
*u 1 ' ^J' gl"^agon, somatostatin, pancreatic peptide (PP) and insulin P^fr^tu, 

the toiisdififerentiated ceUs respond to contact with glucose by slcrcZ^flZnl^' u ^' 

conditions ttat promote cell clustering include low binding tisLe S^e Jir^^^^^ 
are not coated), extracellular matrix, and/or other methodsLowninX^^^^^^^^^^^^ 

bovine senim albumin (BSA);'^trap^^^oirKlftr Sc^°';ricSr^S 

can compnse further added factors selected from the group consisting of stem cell fartnr (^r^ 

prolactin (PRL), nerve growth factor (NGF), transforming growth fectS^ a rTGF «T 
^cten^-4, basic fibroblast growth fector (bFGF), and cSo^^^^eS^^ aSne sSS 
f r'"'''"^ of Capan-1, ARIP and AR42J. Preferably, the adde^ Srs compriS 

S H^??L T?'"'^'^^ P^^^^^^d GLP-1 have a concentralS^ o^aZuOO 

nM. HGF a concentration of about 20 ng/ml. and nicotinamide a concentration of aSout 10 ^ 

^proSty CdIos^ ^^^^^^^ S;;:: —ymal stem can (MSG). The MSG 

that the stem cells are human * " P'*^^^^"^' ^^^^h not necessary^ 

^nvt"Sr' !S ^ of producing an endocrine honnone comprising the 

HitfJ^r* ^ of treating a mammal with a pancreatic disorder bv 

culh^nng non-pan«;eatic stem cells as described herein, whereby the stem celk SdiffeSdate 

oSd? T^rnroH^^ insulin-requiring disorder such as insulin-dependent 

diabetes (IDD). The product of the culture method can be an endocrine hormone which is then 

^^^al^^ln^Tt'' ^'-^^--'y- the product of ^fTuta mii^od Is 
S^t^clS^^v or^; ^^"f" I'-Plantation may be in 

pancre^c, k dney or liver tissue, or in a subcutaneous pocket Preferably the imnlantJi 
transdifferentiated cells are transdifferentiated MSCs. The implante^^simr^SeS 

rLn'o^^'T''^ ^»*«'«80»«- ^« iniplanted transdifferentiated eel Is^te enSp^^^^^^ 
an endocnne honnone penneable capsule. encapsuiatea m 
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In one embodiment, the transdifferentiated cells are modified to substantially reduce expression 
of an antigen selected from the group consisting of insulin dependent diabetes associated 
autoMhgens, G^, 64 kD islet cell surface antigen and human leukocyte antigens, whereby the 
modified transdiflFerentiated cells do not substantially express said antigen. 

The subject invention also includes the transdifferentiated cell produced by the 
transdifferenhation methods described herein, and in particular the transdifferentiated MSG 
produced by said methods. Such ceU preferably expressed mRNA for Isl-1, Pax-6 PP insulin 
glucagon and somatostatin. The subject invention also includes a therapeutic 'composition 
compnsmg a transdifferentiated MSG encapsulated in an endocrine hormone permeable capsule. 

As described herein, the subject invention demonshrates the feasibility of differentiating human 
bone marrow denved MSGs into pancreatic islet-like clusters that are capable of secreting insulin 
m response to glucose in vitro. Less success has been achieved at this time with 
transdifferenhation of HSGs to the pancreatic pathway. 

By culturing human bone marrow derived stem cells in vitro, we demonstrated that they can 
enter into non-conventional differentiation pathways, a process called "transdifferentiation" 
Punfied humai bone marrow stem cells were purchased from Glonetics (BioWhittaker, 
WalkersviUe, MD). Purity of the cell populations exceeded 95% according to tiie suppUer 
Ciyopreserved cells were tfiawed and cultured overnight with HSG specific growth media and 
MSG specific growth media (Glonetics) as suggested by the manufachirer (Figure 3) overnight 
PJ^*^ to cultunng m our medium conditions. Our original observation with a mixtiire of GD34+ 
HSGs (CD34+) and MSGs (GD34-. CD45-, GD14., GD44+, GD29+, SH2+, SH3+) indicated that 
such differentiation mto endocrine pancreatic pathway was feasible (see WO 02/079457) The 
composition of the media used is given in Table 1. This medium combination was called 
combmation 1 . Briefly, tiie media contained several selected factors. Upon culturing the 
mixed stem cells m this medium, insulin expression could be demonstirated around 6 weeks later 
(Figure 4A). When pure MSG population was cultured in tiie same medium (combination 1) 
after 3 weeks m culttire, mRNA expression for Pdx-1, Isl-1, glucagon, and GIut-2 were observed 
(Figure 4B). However, no insulin ti-anscription was evident. Thus, we tiien extended the 
observation wifli 4 additional combinations of media (variations to the original medium 
combination 1). Table 2 shows the variations designed. The basal media component was not 
changed except for fetal calf serum (FGS), which was brought down to 2%. All other variations 
were mti-oduced m tiie addition of factors. Durmg evaluation of combinations 2-4, doses of 
fectors were kept constant to avoid another variable in tiie experimental design. The "best" dose 
was selected from doses reported in the Uterahire for each component to be non-toxic, or 
provided by flie manufacturer to have biological activity in their Standard assays 
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Figure 3. Morphology of HSCs and MSCs in the culture. 

While HSCs are round cells, MSCs exhibit typical fibroblast like 
spindle shaped cells. 



Basal Me dium Components ^combination 1) 
DMEM with high glucose and sodium pyruvate {Dulbecco*s 

Minimum Essential Medium, Gibco-BRL) 
0.1% BSA ' 
0. ImM 2-Mercaptoethanol 
15%FCS(HyClone) 

Ix ITS (insulin, transferrin and selenium) (Gibco-BRL) 
Penicillin lOOIU/ml and streptomycin lOOjig/ml 
Fungizone® Ijig/ml (Gibco-BRL) 

Factors Added to Basal Medium 
GLP-1 (glucagon-like peptide) lOnM 
Activin A InM 
Betacellulin 5nM 

HGF (hepatocyte growth factor) 20ng/ml 

EGF (epidermal growth fector) 20ng/ml 

KGF (keratinocyte growth factor) 20ng/ml 

NGF (nerve growth factor) 3ng/ml 

TGF-alpha (transforming growth factor) lOng/ml 

Conditioned medium (of Capan-1, ARIP and AR42J cell lines) 10% 

Nicotinamide (10 nM) 

Extendin-4(100nM) 

bFGF(5ng/ml) 



Table 1 



Basal medium components and factors/reagents used for 
differentiation of HSCs and MSCs 



9 



14 days 



45 days 



G3PE)H 
ISL-1 
PAX6 
Insulin 
CK19 
CD34 



G3P1DH 
Insulin 

ck:i9 

CD34 



G3PDH 

PDX-1 

ISL-1 

PAX4 

Glut2 

Glucagon 

Insulin 

CD34 



^ ^ 




Figure 4A Figure 4B 

A mixed population of HSCs and MSCs cultured in media with growth factors -combination 1- (see 
Table 1) for 14 and 45 days (Fig. 4A). At 45 day time point, insulin mRNA expression was 
observed. With purified MSCs (Fig. 4B), at 21 day, Pdx-1, Isl-1, Glucagon, and Glut-2 were 

expressed without detectable level of insuUn expression. 
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Media combination 2 



Basal medium components (2% FCS) + Factors: activin 
(InM), beta cellulin (5nM), HGF (20ng/^ml), 
EGF(25ng/ml) 



Media combination 3 



Basal niedium components (2% FCS) + Factors: K GF 
(20ng/ml), NGF (lOng/ml), TGF-alpha (lOng/ml) 



Media combination 4 



Basal medium components (2%FCS) + Factors: GLP-1 
(lOOnM), HGF (20ng/ml), nicotinamide (lOnM) 



Media combination 5 



Basal medium components (2% FCS) + Factors : 
Extendin-4 (lOOnM), FGF-basic (5ng/ml), nicotinamide 
(lOnM), HGF (20ng/ml). 



Table 2. Media Combinations used. Media combinations designed from original media 
combination 1. As indicated, the variations were only with the set of factors introduced. The dosage of 
the Actors were kept constant to avoid additional variability. 



In all media combinations tested, human bone marrow derived HSCs differentiated mostly into 
erythroid bursts starting within 2 weeks in culture (Figure 5). There was no expression of 
endocrine related genes such as Pdx-1, IsM, beta2/NeuroD, glut-2 or endocrine hormone 
transcripts (data not shown). After 3 weeks no cells remained viable. These observations 
convinced us to restrict further investigations to MSCs. 





Figure 5A (1 week) Figure 5B (2 weeks) 

Differentiation into red blood bursts, when HSCs were cultured in media defined in 
Table 2, within 1 week er3rthroid bodies appeared and at 2 weeks cultures were over run by RBC 
forming bursts. 
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Cultured MSCs which adhere to the tissue culture plates appear morphologically like fibroblasts. 
They are maintained for one or two days in MSCGM™ medium (Clonetics / BioWhittaker, 
Walkersville, MD) which enables their growth without inducing differentiation. Upon treatment 
with adipogenic differentiation medium (Clonetics / BioWhittaker), in 2 weeks culture, about 
70% of the cells become fat cells. This confirmed the retention of differential potential of MSCs 
in our hands (Figure 6). 




Figure 6. Differentiation into Fat cells. MSCs cultured for 2 weeks widi 
Adipogenic differentiation medium™, fixed witfi 10% formalin and stained with Oil 
Red O to stain fat deposits. 



MSCs were cultured at 0.5x10^ cells per T25 tissue culture flasks. Cells were cultured in media 
combinations shown in Table 2. Cultures were continued for 1, 2, and 4 weeks. At the end of 
each culture period, RT-PCR analysis was performed to detect any expression of genes relevant 
to pancreatic/islet developmental pathway. While media combinations 1, 2, 3 (see Table 2) were 
not able to induce any pancreas/islet relevant gene expression, interestingly, media combination 
4 that contained nicotinamide (lOmM), glucagon-like peptide (GLP-1; lOOnm), and hepatocyte 
growth factor (HGF; 20ng/ml) induced pancreatic genes of interest (Figure 7), 
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Figure 7. Expression of pancreas/islet development related genes. MSCs 
cultured with media combination 4 (nicotinamide, GLP-1 and Hgf ) expressed glucagons. 
Somatostatin (SS) as detected by southern blot. Glut-2 and Isl-1 aie also evident Interestingly 
CD34 mRNAs were also expressed despite the feet thatpuiified MSCs are negative for CD34 



.) 
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Briefly, MSCs cultured with media combinatioii 4 expressed glucagons and Somatostatin (SS). 
Glut-2 and Isl-1 are also evident. Interestingly CD34 mRNAs were also expressed despite the 
fact that purified MSCs are negative for CD34. However, our previous experience with a mouse 
adult pancreatic progenitor cell line where CD34 mRNA expression did not translate into surface 
expression cautions any speculation until a FACS analysis is conducted. At 4 weeks, there is a 
basal level of expression of insulin. This low level transcription was reproducible as shown in the 
additional inset. Equally interesting was the absence of detectable level of Pdx-1 expression 
which is considered a master switch in pancreas/islet development and function. Insulin 
expression without detectable Pdx-1 has been noted in mouse embryonic stem cells. There was 
no expression of insulin, SS, glucagons in MSCs treated with only MSCGM™ medium, or 
media combination 4 without factors (data not shown). Carbonic anhydrase II was expressed by 
undifferentiated MSCs. Despite the ability of media combination 4 to induce expression of 
pancreas development related genes, it is believed that the frequency of conversion of cultured 
MSCs into pancreatic pathway under these conditions is low. MSCs treated for 4 weeks in media 
combination 4, when subjected to adipocyte differentiation conditions, fat cells were formed as 
detected by Oil Red O staining (data not shown). This perhaps indicates that under these 
conditions (combination 4, adherent culture plates) the differentiation towards pancreatic 
pathway is of low frequency and may be reversible. Similar observation has been made in neural 
cell differentiation (58). During all these culture conditions MSCs remain attached to the plastic 
tissue culture flasks. 

Since clustering or aggregation is considered to be a signal for differentiation (65), we induced 
clustering of MSCs as a means of encouraging transdifferentiation. Upon arrival, human bone 
marrow MSCs were plated in low binding tissue culture plates at 0.5x10^ cells in media 
combination 4. Cells grew as three-dimensional clusters (Figure 8), Control cells were treated 
media combination 4 that did not receive factors (nicotinamide, GLP-1 and Hgf). Cells were 
cultured for 1 week with fresh media change every 2 days. GLP was added every 24 hrs. At the 
end of 7 day culture period, cell clusters were subjected to RT-PCR analysis. As shown in 
Figure 9, clusters cultured for 1 week in media combination 4, expressed insulin, Pdx-1, and a 
low level of pancreatic polypeptide (PP). 



I 
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hin*??^ Appearance of clustered MSCs. Human bone mairow MSGS were plated in low 
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Figure 9- Insulin expression in clusters cultured in media combination 4 (DifQ. Chistera 
cultured iu media without growth factors (Undiil). Human pancreatic cDNA used a positive control. 

The level of insulin expression in 1 week culture was substantial and this observation is 
significant since adherent MSCs grown in the media combination do not express insulin until 4 
weeks and at much lower levels. No comparison was made with Isl-1 levels due to unavailability 
of data for undifferentiated clusters. More studies are ongoing, arid media combination 5 is being 
tested. 

To assess the degree of transdifferentiation towards islet cell functionality, the following assays 
or analyses were and/or should be conducted: transcriptional expression of insulin, translation 
of insulin, capability to secrete insulin, the glucose-responsiveness in insulin secretion pattern, 
and the quantity of insulin secreted in comparison to native pancreatic islets. As described 
herein, insulin secretion was evaluated in a "shotgun" approach. 
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Briefly, after 1, 2, and 4 weeks of culturing adherent MSCs in media combination 4 that 
induced low level expression of insulin at transcriptional level (Figure 7), media was changed to 
glucose free, insulin free RPMI 1640, washed 6 times and incubated with the same medium for 
overnight to "resf them. Then fresh RPMI 1640 was added with 0, 5.5 and 17.5mM glucose in 
static incubation conditions for 16 hrs. Supernatant was cleared of cells, and used in human 
insulin ELIS A kits with appropriate positive insulin controls. There was no detectable insulin in 
these cultures (data not shown). 

We then did similar study with clustered cells cultured for a week in media combination 4. The 
results are preliminary bat astounding. As shown in Figure 10, clusters cultured in media 
without growth factors of combination 4 (Undifi) did not secrete insulin upon stimulation with 
17.5 mM glucose, while clusters cultured in media combination 4 (Diff) secreted insulin both at 
5 .5mM and at 1 7.5mM. With 1 7.5mM, the level of insulin secreted was 1 .6 times higher than 
that with 5.5mM glucose (2.3, 2.6 ng/ml vs. 1.5 ng/ml). Each culture group contained -50 
clusters of 150-400 uM diameter. 




undlff 17.5mM diff 17.5mM diff 1 7.5mM dHf 5.5mM 



Figure 10. In vitro insulin secretion by differentiated clusters. Fifty clusters in each group 
stimulated with glucose for 16hrs in static incubation cultures. Undi£P=clusters cultured in media condition 4 without 
growth fectors; Diff=clusters cultured in media condition 4 with factors. The values presented were average of 
triplicates. 



We have demonstrated that human bone marrow derived MSCs can be differentiated into 
pancreatic differentiation pathway, under adherent cell conditions, to a limited degree. While 
insuUn and pancreas development related genes could be induced, thus far, we have not 
succeeded in our attempts detect msulin secretion. 

Under cell clustering conditions, the differentiation into pancreatic/islet pathway may be more 
efficient in that substantial level of insulin and Pdx-1 expression could be seen as early as 1 week 
after the initiation of cultures in differentiating media combination 4. Further, preliminary 
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evidence suggest impressive insulin release which is not so common in stem cell derived islet 
cell studies. 



Examples 

In above-described experiments, we determined that clustering of human bone mairow derived 
MSCs and culturing of clustered cells with defined set of factors (combination 4) resulted in a 
successful differentiation of clusters into glucose-responsive insulin secreting cells. However, 
HSCs did not transdifferentiate, but instead became bursts of red blood cells in the culture 
conditions tested. Thus, subsequent experiments focused on characterizing MSCs in terms of 
their clustering, differentiation, in vitro fimctional physiology and in vivo functionality. 

Example 1 : Characterization of human bone marrow derived MSCs in terms of their 
abilities to form islet-lilce clusters and their differentiation potential under such 
circumstances in vitro. , 

Human bone marrow MSCs are purchased from Clonetics (BioWhittaker, Walkersville, MD) for 
all studies. Since media combination 4 has proven to be effective, and media combination 5 is 
being tested, all 5 combinations of media (Table 2) are used. Briefly, 0.5x10^ MSCs are plated in 
low-binding tissue culture plates (6 well clusters). Cultures are for 1, 2 and 4 weeks with media 
change every 2-3 days. At the end of time points cells are subjected RT-PCR for pancreatic 
differentiation pathway as described below. Clusters are also be fixed in 4% formalin, 
immobilized in 4% low-melt agarose for tissue sectioning and immunohistochemistry. Once a 
more efficient differentiation medium condition is found (currently, media combination 4 
appears good; but other combinations have not been tried with clustered cells), we can use at 
least 5 different doses of each growth factor in a given media combination to "fine tune" 
differentiation capabilities. We can keep the current dose of factors in the middle and go either 
way by two doses. Following fine tuning of differentiation media, we can initiate the clustering 
procedure using Extracellular matrix proteins (ECM gel; Sigma chemicals, St Louis, MO). The 
appropriate procedures are described below. * 

RT-PCR / Southern blotting analvses: 

Total RNA is prepared using RNAqueous™-4PCR kit (Ambion Inc., Austin, TX). All primers 
have been designed based on sequences of open-reading frames obtained firora GENBANK, One 
|xg of RN[A_will be used for reverse transcription, and Ijig of cDNA will be used for PCR 
amplification. PCR primers will be synthesized by Life Technologies, Inc. (Gaithersburg, MD) 
for endocrine products (insulin, glucagon, somatostatin, and pancreatic polypeptide), exocrine 
products (amylase and elastase), mesenchymal marker (vimentin), enzymes (hexokinase and 
glucokinase), receptors (c-Met and GLUT-2), transcription factors CPDX-1, ISL-1, Beta2/Neuro- 
D, Pax-4, Pax-6 HNF-1, ngn-3, NKX6.1, NKX 2.2, Reg, and PtflP48) and other general markers 
(CD34, tyrosine hydroxylase, p-galactosidase, HGF, EOF, Albumin, GAD-65, IGF-I, and IGF- 
II). PCR products can be size separated by gel electrophoresis in 1.5% gel agarose and 
transferred to nylon membranes by vacuum blotting and UV-crosslinking. The specificity of the 
PCR amplifications can be predetermined by intemal sequence specific probes which have been 
previously digoxigenin-labeled. Digoxigenin-labeling of an Oligo probe for Southern blotting is 
carried out using Dig Oligonucleotide Tailing Kit (Roche Molecular Biochemicals, Indianapolis, 
IN) and following the manufacture's protocol. Southern blot is carried out following the PCR 
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reaction using the standard protocol established in the laboratory and known in the art. 
Immunohistological staining and immunofluorescence assays: 

Cells can be fixed in 4% formalin, and immobilized in 4% low melt agarose for tissue sectioioing. 
Sections can be stained using antibodies to insulin, glucagon, somatostatin, pancreatic 
polypeptide, amylase, vimentin, tyrosine hydroxylase, carbonic anyhydrase II, p-galactosidase, 
hexokinase and PDX-1 (generated by Genemed Synthesis, Inc. San Francisco, CA). Biotinylated 
secondary antibodies conjugated with alkaline phosphatase or horseradish peroxidase and 
alkaline phosphatase and peroxidase conjugated streptavidin . can be used to bind to primary 
antibody. Antibodies will then be visualized using DAB, AEC, Fast Red, or BCIP/NBT. This 
system can also be used for double staining which can visualize multi-antigen expression, 
hnmunofluorescent staining can also be used for surface staining. This can be done using cells 
in suspension. These cells can be blocked and then incubated in primary antibody (as mentioned 
above). Cells can be washed and centrifuged to remove remaining antibody. Secondary 
antibody conjugated to Alexa 488, Alexa 568, or Alexa 350 (Molecular Probes, Inc., Eugene, 
OR) can be used to visualize antigens present. 

Insulin and glucagon assays: 

At the end of differentiation procedures, clusters can be washed and seeded in 6 well (low 
binding) plates, 50 clusters per group. Clusters can be thoroughly washed (6 times) and rested in 
glucose free, insulin free RPMI medium containing 2% FCS for 16 hrs. After fresh media of the 
same kind can be added with varying glucose levels (0, 5.5, 1 1.0, and 17.5 mM glucose) for 18 
hrs in a static incubation procedure. If insulin secretion is demonstrated, then similar assays can 
be planned for 3 hrs. The cell free supernatant can be stored in ~70°C until used in assays. The 
cells can then be lysed using lysis buffer to extract intracellular insulin content. Quantitation of 
insulin, both in the supernatant and intracellular content, can be assayed using commercially 
available Ultrasensitive ELISA kits (Mercodia, Uppsala, Sweden). Glucagon 
secretion/intracellular content can also be determined using a glucagon ELISA developed in our 
laboratory. Concentrations of hormone can be normalized with DNA content 



Example 2: Characterization of MSC derived islet clusters in terms of their physiological 
functions in vitro. 

Preferably, only the best differentiation combination media is used for the physiological studies. 
MSC derived islet clusters are used in optimized standard operating procedures (SOPs) to 
determine in vitro glucose-responsive insului secretion at different time points in static 
incubation cultures as well as glucagon production to evaluate the reproducibility, stabihty of 
differentiated phenotype, metabolic features (e.g., glucokinase/hexokinase ratio), sensitivity to 
counter-regulatory hormones (i.e., somatostatin and glucagon), phosphorylation pattern 
following glucose binding to its receptor, and potential for "reverse" differentiation into 
mesenchymal derivatives (e.g., fat cells) following appropriate treatment. 

Insulin and glucagons testing procedures have been akeady described above. The differentiated 
clusters can be maintained in differentiating media as well as in non-differentiating media 
conditions for 1, 2 and 3 weeks to test the stability of the differentiated phenotype (insulin and 
glucagons secretion). Simultaneously "reverse ditferentiation" potential can be determined by 
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treating differentiated clusters (capable of insulin secretion) with adipogenic dilEferentiation 
medium. A range of doses of glucagons, somatostatin wiU be used in insulin secretion assays to 
investigate the sensiUvity of differentiated islet clusters to counter-regulatory honnones and 
hence a possible insight of these clusters behavior in vivo. Hexokinase and glucokinase ratios can 
be monitored by RT-PCR to observe if any changes in the ratio during extended culturing period 
i.e., 1, 2, and 3 weeks m culture conditions. We have primers and probes already routinely used 
in our labs. 

Glucose induced substrate phosphorvl ation assay 

The purpose of this experiment is to compare and contrast downstream signaling events 
following glucose bmdmg to Glut-2 receptor. Differentiated insulin producing cells are used to 
determine the glucose stimulated phosphorylation of downstream substrates as a way to 
myesUgate the physiological similarities with and variations from the pancreatic islets. Half a 
milUon differentiated cells (capable of insulm production) are homogenized in extraction buffer 
(20 mmol/1 K2HPO4, pH 7.5. 5 mmoV\ DTT, 1 mmoW EDTA, protease cocktail and 110 mmol/1 
KCl) foUowing stimulation with 17.5 mM glucose for 0, 5, and 15 min. The homogenate will be 
separated on 10% SDS-PAGE (BioRad, Hercules. CA) and the phosphorylated protein substrates 
will be detected using phosphotyrosine antibody in western blot technique. For comparison we 
can use human pancreatic islets (100 islets per time point) to determine phosphorylated substrate 
pattern following glucose stimulation. 

Western blot technique: 

Following gel transfer (Mini Trans-Blot Cell, Bio-Rad. Hercules, CA.) to nitroceUulose 
membrane (Trans-Blot Transfer Medium, Supported 0.45 um Nitrocellulose Membrane, Bio- 
Rad, Hercules, CA.) in transfer buffer (25 mM Tris, 192 mM glycine and 20% v/v methanol- pH 
8.3), the membrane is washed with Tris-bufifered saHne (TBS) for 15 min, blocked in TBS 
conteining 5% nonfet dry milk (Price Chopper supermarket) for 1 hr at RT. washed 3 times in 
TTBS (20 mM Tris, 500 mM NaCl, 0.05% Tween-20; pH7.5), and blotted using rabbit anti- 
phosphotyrosme antibody at 4*'C overnight at manufacturer's recommended dilution The 
membrarie is then washed 3 times in TBS, incubated in the corresponding secondary antibodies 
linked with alkaline phosphatase and diluted 1:1,000 in TTBS for 1 hour at RT, and developed 
m 10 ml of carbonate buffer (0.1 M NaHCOa, 1 mM MgCh, pH 9.8) containing 60 jil of nitro 
blue tetrazohum (NBT) solution (dissolve 50 mg of NBT in 0.7 ml of N,N-Dimethylformamide 
(DMF) with 0.3 ml dHaO), and 60 id of 5-bromo-4Tchloro-3-mdolyl phosphate (BCIP) solution 
(dissolve 50 mg of BCIP in 1 ml of 100% DMF) until appropriate color obtained. The membrane 
IS then washed in ddHaO to stop the reaction. 

Example 3 : Characterization of iii vivo functionality of MSC derived islet clusters in NOD- 
Scid , Nod mice and in vivo migration pattern of implanted cells. 

Human MSC derived differentiated clusters can be implanted in the immune-deficient female 
NOD-Scid mice, followed by implantation in autoimmune NOD. Diabetes can be induced in 
Scxd mice using 160 mg/Tcg body wt streptozotocin (STZ). This is a routine procedure done in 
our labs. There can be 1 group of mice with human islets (n=6; 600 islets per animal) and 4 
groups of mice with differentiated clusters (n=6 per group; 4 doses of clusters-300, 600, 1200, 
2400; therefore totally 24 mice). Implant site is preferably the kidney capsule. Similar studies 



20 



can be done with diabetes induced female NOD mice (therefore a total of 24 mice). NOD mice 
can receive immunosuppressive drugs sirolimus (Wyeth-Ayerst) (0.1 mg/kg) and tacrolimus 
(Fujisawa Canada) (l.Omg/kg) starting 3 days prior to implantation. After determining the best 
dose for reversal of diabetes, that dose alone is used in the NOD female diabetic mouse for 
intraportal implantation (therefore total mice=6) to mimic current human Edmonton protocol. 
Our lab has extensive experience in intraportal procedures in the mouse. Human pancreatic islets 
are used in the same fashion for a positive control (n=6). The animals are followed for glucose 
monitoring every other day, and weekly peripheral insulin levels (using human c-Peptide insulin 
Kits; Mercodia, Uppsala, Sweden). Monitoring is carried out for 2 months post unplahtation. At 
the end of study, implants sites are used to determine moiphology of implants, hormone 
expression and infiltration of immune cells by immunohistochemistty. 

For migration studies we can use vital stain CFSD SE to stain living differentiated clusters and 
will follow their retention or migration fix»m implanted intraportal site. Only one dose that 
reversed diabetes upon intraportal implantation is used in female non-diabetes prone Balb/c 
mice. Various tissues will be collected from 3hr, and 1, 3, 6 and 10 day time points. Each time 
point will have 4 mice (therefore a total of 20 mice). 



All references cited herein are incorporated in their entirety by reference. 
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Claims 

1. A method of transdifferentiating mammalian non-pancreatic stem cells to enter the 
pancreatic differentiation pathway, comprising: 

culturing said stem cells under conditions that permit the expression of pancreatic 
differentiation markers, 

wherein said conditions are selected from the group consisting of: 

a) culture conditions that promote cell clustering; 

b) medium comprising an added factor that comprises at least one of glucagon-like 
peptide-1 (GLP-1), hepatocyte growth factor (HGF) and nicotinamide; and 

c) conditions of both (a) and (b). 

2. The method of claim 1 wherein the pancreatic markers that are expressed are selected^ 
from the group consisting of Pdx-1, Isl-J, Pax-6, Glut-2, glucagon, somatostatin, 
pancreatic peptide (PP) and insulin, 

3. The method of claim 1 wherein said transdifferentiated cells respond to contact with 
glucose by secretion of insulin. 

4. The method of claim 1 wherein said culture conditions that promote cell clustering are 
low binding tissue dulture plates, extracellular matrix, or both. 

5. The method of claim 1 wherein said medium comprises one or more components selected 
from the group consisting of Dulbecco*s Minimal Essential Medium (DMEM) with high glucose 
and sodium pyruvate; bovine serum albumin (BSA); 2-mercaptoethanol; fetal calf serum (PCS); 
penicillin and streptomycin (Pen-Strep); insulin, transferrin and selenium (ITS); and 
Fungizone®. 

6. The method of claim 1 wherein the added factors comprise GLP-1, HGF and 
nicotinamide. 

7. The method of claim 6 wherein GLP-1 has a concentration of about 100 nM, HGF has a 
concentration of about 20 ng/ml and nicotinamide has a concentration of about 10 nM. 

1 

8. The method of claim 1 wherein said non-pancreatic stem cell is a mesenchymal stem cell 
(MSG). 

9. The mediod of claim 8 wherein the MSG is CD105+, CD166+, CD29+ and CD44+. 

10. The method of claim 1 wherein the stem cells are human. 

U. A method of producing an endocrine hormone comprising the method of claim 1, and 
further comprising the step of continuing to culture said transdifferentiated cells in said medivun, 
whereby an endocrine hormone may be produced. 

12. A method of treating a mammal with a pancreatic disorder, comprising: 
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a) culturing non-pancreatic stem cells accoixling to claim 1," whereby said stem cells 
transdifTerentiate to the pancreatic differentiation pathway; 

b) using a product of the culture of step (a) to treat said mammal. 

13. / The method of claim 12 wherein the pancreatic disorder is an insulin-requiring disorder. 

14. The method of claim 12 wherein the product in step (b) is an endocrine hormone that is 
administered to the mammal. 

15. The method of claim 12 wherein the product in sjtep (b) is tran^differentiated cells, and 
said method further comprises: 

c) implanting said product into said mammal. 

1 6. The method of claim 1 5 wherein said implantation is in pancreatic, kidney or liver tissue, 
or in a subcutaneous pocket. 

17. The method of claim 12 wherein said transdifferentiated stem cells are transdifferentiated 
MSCs. 

18. The method of claim 12 wherein the non-pancreatic stem cells originate from an 
individual that is the same as the treated mammal of step (b). 

19. , The method of claim 15 wherein said implanted transdifferentiated cells are encapsulated 
in an endocrine hormone permeable capsule. 

20. The method of claim 19 wherein said implanted, encapsulated, transdifferentiated cells 
are autologous to the mammal. 

21. The method of claim 19 wherein said implanted, encapsulated, transdifferentiated cells 
are allogeneic to the mammal. 

22. The transdifferentiated MSG produced by the method of claim 8. 

23. A transdifferentiated MSG that expresses mRNA for Jsl-l^ Pax-6, PP, insulin, glucagon 
and somatostatin. 

24. A transdifferentiated cell produced by the method of claim 1 . 

25. A therapeutic composition comprising a transdifferentiated MSG encapsulated in an 
endocrine homione permeable capsule. 
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